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, the species as a whole could benefit if an individual's demise results in an advantage to its siblings. In many ways, multicellular biofilm communities provide an ideal context for understanding bacterial PCD; for example, studies of biofilm development have shown the importance of cell death and lysis for the release of genomic DNA (known as extracellular DNA (eDNA)), which becomes incorporated into the biofilm matrix and serves as an adherence molecule [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Furthermore, as an interdependent assembly of cells that have differentiated structures with specialized functions, bacterial biofilms are similar to complex multicellular eukaryotic organisms, in which PCD has a prominent role in development 12 .
As a starting point, it is important to define what is meant by PCD. First and foremost, the phrase PCD is reserved for all genetically encoded processes that lead to cell suicide. Although the process of apoptosis is most commonly associated with eukaryotic PCD, other PCD mechanisms also exist, including autophagic death and programmed necrosis 13, 14 
. All of these mechanisms require metabolic energy and are typically induced in response to physiological or developmental signals. Apoptosis is the best characterized mechanism and was first described in 1972 (REF. 15) ; in this original article, the morphological manifestations that are associated with apoptosis were described, including chromatin condensation, chromosomal DNA fragmentation, membrane blebbing, cell shrinkage and disassembly of the cell into membraneenclosed vesicles. These processes were later found to be a consequence of the activation of cysteine proteases known as caspases, which orchestrate apoptosis by inducing a range of cellular activities that ultimately result in the dismantling of the cell 16 . Now it is known that apoptosis proceeds through one of two major signalling pathways: the intrinsic pathway, which involves mitochondrial outer membrane permeabilization (MOMP) and is induced primarily as a result of a cellular insult (for example, DNA damage or oxidative stress) 17 ; and the extrinsic or 'death receptor-mediated' pathway, which is typically induced by developmental signals that are initiated by receptor-ligand interactions at the cell surface and is MOMP -independent 18 . In fact, cell death induced by the extrinsic pathway is mostly independent of the mitochondria and is triggered by the direct activation of caspases, which leads to cellular destruction. By contrast, the intrinsic pathway is widely thought to be initiated by dysfunctional mitochondria as a result of cellular stress, which then leads to caspase activation. Thus, both pathways involve caspase activation, but they differ in the way that caspase activity is induced.
In this Opinion article, I go beyond a discussion of why bacterial PCD exists, to focus specifically on the growing number of studies that describe PCD-like activities in bacteria, and propose a model pathway to clarify how the processes that are involved might be coordinated. Although the upstream signalling pathways in eukaryotes are clearly divergent from those in bacteria, I argue that the intrinsic apoptosis pathway, including some of the molecular control strategies involved, is functionally conserved in bacteria and has essential functions in response to stress. Furthermore, I propose that other bacterial factors that are often associated with death, such as toxin-antitoxin (TA) systems and peptidoglycan hydrolases, have roles that are analogous to autophagic death and programmed necrosis, respectively.
A prelude to death For several years now, the potential involvement of TA systems in PCD has generated a great deal of interest. These systems comprise a stable toxin and a labile antitoxin that counteracts toxin activity 19 . They were originally described as plasmid 'addiction modules' owing to the fact that the plasmidencoded toxin components of these systems are more stable (or protease-resistant) relative to their antitoxin counterparts and thus cause a bacterial cell to become 'addicted' to the plasmid and its capacity to renew the supply of antitoxin. However, a broader role for these systems seemed probable after the observation that most bacterial genomes encode multiple types of TA systems. The best characterized of the chromosomal TA systems is MazEF of Escherichia coli -in which MazF is the toxin and MazE is the antitoxin 20 -which is activated in response to a variety of stress-inducing compounds 20 . As a site-specific endoribonuclease, MazF cleaves ACA sequences in mRNA molecules, thereby inhibiting their translation into protein products 21 . Although this inhibition of translation causes growth arrest, the precise mechanism by which this system leads to death remains to be determined. It has been proposed that the action of MazF results in the selective elimination of transcripts that encode inhibitors of cell death, whereas the transcripts that encode death effectors remain intact 22 . This model suggests that MazEF (and probably other TA systems) might promote a bacteriostatic and reversible stage in the PCD pathway (FIG. 1) . Consistent with this, it has been shown that cell death induced by the activation of TA systems can be reversed by the expression of antitoxin 23 . Thus, growth inhibition that is caused by the action of TA systems might function to reduce metabolic activity, or even fuel the stress response, in an attempt to 'ride out the storm' until a fresh supply of nutrients is available or the offending substance is eliminated and the damage to the cell is repaired.
Executioners of death
The eukaryotic process. The intrinsic pathway of apoptosis is initiated by a variety of signals, including those that are associated with stressful conditions, such as DNA damage, oxidative stress, nutrient deprivation and infection. At the heart of this process is the B cell lymphoma 2 (BCL-2) family of proteins, which are divided into three groups on the basis of the BCL-2 homology (BH) domains that they possess. Two groups are pro-apoptotic: the first group comprises the effectors BAX, BAK and BOK, which contain BH1, BH2 and BH3 domains. The second group comprises 'BH3-only proteins' , BID, BIM, BAD, BCL-2-interacting killer (BIK), BCL-2-modifying factor (BMF), BCL-2-adenovirus E1B 19 kDa-interacting protein 3 (BNIP3), activator of apoptosis harakiri (HRK), NOXA and PUMA (also known as BBC3). The third group is composed of antiapoptotic proteins (BCL-2, BCL-X L , BCL-W, A1 and myeloid cell leukaemia sequence 1 (MCL1)) that contain BH1, BH2, BH3 and BH4 domains 24 . Although the molecular details are incompletely understood, the activities of these proteins are associated with oligomerization of the effector BCL-2 proteins in the mitochondrial outer membrane, leading to MOMP and the release of cytochrome c, which are two hallmarks of apoptosis 25 . Once released, cytochrome c initiates the caspase cascade and the downstream morphological changes that are associated with cellular disassembly. As might be expected, the entire process is subject to complex regulatory control, primarily via the BH3-only proteins, which function by either blocking the inhibitory effect of the anti-apoptotic BCL-2 proteins or by directly stimulating the functions of the proapoptotic effector BCL-2 proteins 24 .
The bacterial process. It has been hypothesized that the CidA and LrgA proteins, which were originally identified in Staphylococcus aureus but are widely conserved in bacteria, are holin-like molecules that possess analogous functions to the pro-apoptotic effector and anti-apoptotic members of the BCL-2 protein family 1, 26 . Although holins were originally characterized as bacteriophage-encoded proteins that coordinate the death and lysis of infected bacteria, their hypothesized role in bacterial PCD and their similarities to eukaryotic PCD proteins are well established 1, [26] [27] [28] . The cidABC and lrgAB operons have been shown to modulate death and lysis via a poorly defined process that involves the posttranslational regulation of peptidoglycan hydrolase activity 29, 30 . The cidA gene encodes a putative holin, which has a positive effect on death and lysis, whereas lrgA encodes an antiholin, which has an inhibitory effect on these processes (FIG. 1) . Furthermore, studies indicate that these proteins oligomerize within the bacterial membrane 31 , suggesting that they have an analogous role to that of the pro-apoptotic BCL-2 proteins as effectors of cell death.
Parallels between eukaryotic and bacterial processes. Upon their insertion into the membrane, both holins and BCL-2 family proteins cause membrane disruption, which leads to depolarization of the bacterial cytoplasmic membrane and MOMP, respectively. Both holins and BCL-2 family members are regulated by homologous proteins that inhibit their functions. Additionally, both protein families lead to the activation of downstream proteins (for example, caspases in eukaryotes and peptidoglycan hydrolases in prokaryotes) that cause cellular disassembly. Remarkably, experimental evidence in support of a relationship between these proteins was obtained by showing that members of the BCL-2 family are functional in an E. coli system that was designed to detect holin-like activity (in which cell lysis is dependent on the presence of a functional holin) 32 . In this study, two eukaryotic proapoptotic effectors, BAX and BAK, were found to oligomerize in the E. coli cytoplasmic membrane and to induce cell death and lysis 32 . In a striking functional correlation, this study showed that BAX mutants that were defective in the induction of apoptosis were also unable to induce cell death and lysis in E. coli. Moreover, co-expression of BAX in E. coli with the anti-apoptotic protein BCL-X L resulted in the inhibition of BAX-mediated death and lysis. By contrast, co-expression of BAX with the pro-apoptotic BH3-only protein tBID (which is a constitutively active derivative of BID) stimulated death and lysis. Finally, replacement of the native holin in the lambda bacteriophage
Box 1 | Alternative eukaryotic cell death mechanisms: necrosis and autophagic death
Whereas apoptosis is characterized by specific and well-studied morphological changes, programmed necrosis and autophagic death seem to be less orderly forms of programmed cell death (PCD). Necrosis has long been considered to be an uncontrolled process that is primarily induced by external influences, including cell swelling, increased plasma membrane permeability, the influx of water and the leakage of cytoplasmic contents into the surrounding environment. The resultant exposure of tissues to these cytoplasmic constituents leads to the characteristic inflammatory response that is associated with necrosis; however, more recent studies have shown that this process can be tightly regulated, which has led to the term programmed necrosis 13 . In fact, considerable overlap in the control of programmed necrosis and apoptosis has been shown, although programmed necrosis is generally considered to be a caspase-independent process.
Autophagic death has been proposed to be the acute end stage of autophagy, in which a damaged or stressed cell selectively degrades organelles and proteins as a source of energy to fuel costly repair mechanisms that are needed for cell survival. This process is characterized by the formation of autophagosomes, which are double-membrane-bound structures that engulf cytoplasmic macromolecules and organelles that are destined for recycling, such as mitochondria and the endoplasmic reticulum. Notably, it has been suggested that autophagy only contributes to cell death by generating energy for apoptosis and necrosis, rather than being a direct effector of cell death. Thus, instead of thinking in terms of autophagic death, it may be more appropriate to consider this form of PCD as 'cell death with autophagy' 67 . For more extensive descriptions of programmed necrosis and autophagic death, the reader is referred to several outstanding reviews on these topics (see REFS 13, 14, 68, 69 . Together, these data provide compelling evidence that key members of the BCL-2 family function using a holin-like mechanism, and may even point to a bacterial origin for these important apop tosis regulatory proteins.
Despite the paucity of information about the mechanism of action of the CidA, LrgA and BCL-2 protein families, the accumulated experimental evidence supports their function as holins and suggests that there is a common mechanism that underlies the control of PCD in bacteria and eukaryotes. It has been proposed that the Cid-Lrg protein family was transferred to the eukaryotic cell during the endosymbiotic relationship between a bacterium and a host cell, which led to what we now know as mitochondria 33, 34 . It is envisioned that both the molecular and physiological processes that control bacterial autolysis remain key aspects of apop tosis control in mammalian cells, including the physical disruption (or lysis) of the mitochondrial outer membrane, which leads to the induction of the caspase cascade 26 . Interestingly, recent studies have shown the presence of an Arabidopsis thaliana LRGB-like gene that is involved in the control of plant PCD 35, 36 , which suggests that holin activity may also be the foundation of PCD in plants. The product of this gene, LRGB, was shown to localize to the chloroplast and its absence caused interveinal chlorosis and prematurely necrotic leaves, suggesting that it has anti-apoptotic activity. Similarly to mitochondria, the proposed bacterial origin of the chloroplast (which is an important organelle in plant PCD) suggests a common origin or, possibly, the convergent evolution of the molecular machinery that controls PCD 37 . Overall, despite the fact that there is no sequence conservation between the BCL-2 family and the Cid or Lrg proteins (in plants or bacteria), the conservation of holin-like activity suggests that there is a universal mechanism that underlies the control of PCD 37 .
Post-mortem events
As outlined above, one of the best characterized PCD mechanisms in eukaryotic organisms is apoptosis, which, in the intrinsic pathway, is initiated by a well-studied process that leads to MOMP and the release of cytochrome c 17, 38 . In the intrinsic pathway of apoptosis (as opposed to the extrinsic pathway), the released cytochrome c has an important role in the next phase, which involves the activation of caspase enzymes that induce cellular disassembly 39 . This 'degradation' phase is essentially a post-mortem process 17 and the release of cytochrome c seems to have no greater role than simply to signal that the mitochondria have been compromised (cell death has occurred) and that the post-mortem events should be initiated. Caspases are considered to be the effectors that stimulate hydrolytic enzyme-mediated degradation and trigger chromosomal DNA fragmentation, chromatin condensation, membrane blebbing, cell shrinkage and disassembly of the cell into membrane-enclosed vesicles 16 . Several of these processes form the basis of a variety of assays that are useful for the identification of cells that are undergoing apoptosis
.
Apoptosis-like processes in bacteria.
Although there have been sporadic references to bacterial PCD in the past two decades [40] [41] [42] [43] , evidence for apoptosis-like processes in bacteria has grown in recent years. The first-described example of bacterial apoptosis-like processes is associated with 'rapid cell death' (RCD) in Xanthomonas campestris, which is induced by growth in protein-rich medium 44, 45 . During RCD, X. campestris cells exhibit the hallmarks of apoptosis, including positive Annexin V and TUNEL (terminal deoxy nucleotidyl transferase dUTP nick end labelling) staining (BOX 2) and the production of a protein that has caspase activity. Growth in the presence of starch inhibited RCD and the apoptosis-like processes that were associated with cell death. In follow-up studies, induction of RCD was shown to be caused by the presence of pyruvate-generating amino acids, such as glycine and alanine, in the protein-rich medium 46 . The authors showed that these amino acids led to activation of the tricarboxylic acid (TCA) cycle, which increased the reducing potential of the cell and stimulated electron transport chain (ETC) activity 47 . Consistent with this, X. campestris cells that were undergoing RCD exhibited increased production of reactive oxygen species (ROS), probably as a result of increased ETC activity. Moreover, the addition of ROS scavengers to the growth medium resulted in the inhibition of RCD, suggesting that ROS are involved in the induction of cell death 47 . In 2004, a study reported that marine cyanobacteria Trichodesmium spp. undergo 'autocatalytic' PCD in response In this model, a healthy cell that has endured some type of damage (for example, UV-induced DNA damage) will initially, and probably simultaneously, respond by inducing toxinantitoxin (TA) systems (such as MazEF) and repair mechanisms (such as the SOS response). The holin-like proteins CidA and LrgA are expressed but are inactive at this stage owing to LrgA-mediated inhibition of the programmed cell death (PCD) effector protein CidA. TA system activity (which, in the case of MazEF, has an inhibitory effect on translation) results in the transition of the cell to a quiescent state (known as bacteriostasis) that maximizes the channelling of energy and resources into processes that attempt to repair the damage. If the damage is irreparable, a 'point of no return' is reached, the inhibitory effect of LrgA on CidA is released by an unknown mechanism and PCD ensues. Finally, post-mortem signalling results in the activation of apoptosis-like processes and/or autolysis, including nuclease activation (such as BapE) and consequent DNA fragmentation, membrane alterations and peptidoglycan (PG) hydrolase-mediated cell wall degradation.
to phosphorus and nitrogen starvation 48 . Dramatic population reductions are well documented in eukaryotic planktonic species 49 , which challenges the dogma that PCD is restricted to multicellular organisms. What makes the Trichodesmium spp. study especially interesting is that an apoptosis-like process was observed. Similarly to RCD in X. campestris, cell death was accompanied by DNA degradation, as well as the production of a caspase-like protein (known as a metacaspase) that reacted with human caspase 3 polyclonal antisera and was inhibited by a caspase inhibitor. This study also revealed the degradation of subcellular organelles (including thylakoids, carboxysomes and gas vesicles) and cell shrinkage, which are hallmarks of apoptosis.
In Streptococcus pneumoniae, apoptosislike events were observed after treatment with a human milk lipid-protein complex, known as HAMLET 50 . This complex of alpha-lactalbumin and oleic acid was originally studied because of its ability to induce apoptosis in Jurkat leukaemia cells 51, 52 . However, exposure of S. pneumoniae to HAMLET revealed that it is bactericidal and causes a loss of viability by greater than six orders of magnitude in one hour, which was accompanied by lysis of the cells. In addition, the dead cells had several of the phenotypic traits of apoptosis, including cell shrinkage, DNA condensation, DNA fragmentation and calcium-dependent membrane depolarization. The latter was particularly striking as the kinetics of S. pneumoniae membrane depolarization were similar to that of mitochondria and both were inhibited by the calcium ion transport inhibitor, ruthenium red, which is a compound that is known to inhibit mitochondrial membrane depolarization in eukaryotic cells. Finally, HAMLET was found to induce cell death in other streptococcal species and in Haemophilus influenzae, suggesting that the mechanism is conserved in both Gram-positive and Gram-negative bacteria.
One of the more recent reports of bacterial apoptosis showed that E. coli cells that have been treated with DNA-damaging agents and antibiotics have several characteristics that are typically associated with apoptosis, including DNA fragmentation, chromosome condensation, extracellular exposure of phosphatidylserine and membrane depolarization 53 . Furthermore, the authors showed that deletion of the recA gene blocked the apoptosis-like processes that occur in response to antibiotic treatment. Of particular interest was the finding that treatment with DNA-damaging agents and antibiotics resulted in the production of a protein that interacts with the fluorescein isothiocyanate (FITC)-conjugated peptide pan-caspase inhibitor Z-VD-FMK (a caspase substrate). Subsequent analysis identified this protein as the multifunctional RecA protein and suggested the involvement of the ClpXP protease complex in the caspase substrate-binding ability of RecA.
It was also recently shown that DNA damage induces an apoptosis-like process in Caulobacter crescentus that involves chromosome condensation (referred to as 'perturbations in chromosomal organization'), DNA fragmentation and membrane depolarization 54 . All of these processes were found to be dependent on a previously uncharacterized endonuclease -BapEthat was shown to be specific for supercoiled DNA. Interestingly, BapE was previously found to be a member of the SOS regulon 55 (which activates a global response to DNA damage) and is expressed at a late stage after treatment with the DNA-damaging agent mitomycin C 54 . These results are consistent with the proposed role of BapE in an apoptosis-like process (rather than promoting repair), and suggest that PCD and cellular disassembly are a last-resort response to DNA damage in bacteria (FIG. 1) .
Finally, another recent study proposed that there are two PCD pathways in E. coli, one that is mediated by the MazEF system and another distinct pathway that exhibits the characteristics of apoptosis 56 . In wildtype cells, DNA damage that is induced by the antibiotics nalidixic acid or norfloxacin results in what seems to be MazEF-mediated cell death; however, in a mazEF-deletion mutant, cell death is still induced by these agents but by a process that is described as apoptosis-like death. The latter pathway of apoptosis-like death is induced in a recAand lexA-dependent manner, which is consistent with the role that has been shown for RecA in PCD 53 and the finding that BapE is under SOS control 55 . Furthermore, cell death that was induced by this apoptosis-like pathway was associated with membrane depolarization and DNA fragmentation, which are key hallmarks of apoptosis. The authors propose that the induction of MazEF-mediated cell death inhibits apoptosis-like death, thus masking this process in wild-type cells.
Overall, these recent reports not only suggest that apoptosis-like events occur in bacteria but also suggest that these processes are linked to the SOS response.
A conservation of PCD pathways
The discovery of apoptosis-like events in bacteria highlights the possibility that widely divergent organisms possess remarkably conserved and previously unrecognized PCD pathways. A closer inspection of these pathways suggests that their regulation might also be conserved (FIG. 1) . The role that RecA has in the control of apoptosis-like processes in bacteria suggests that PCD is part of the SOS response 53, 54, 56 . As proposed several years ago, the induction of bacterial PCD in response to damage might be a lastresort option that only occurs if the cost of repair exceeds the cost of building a new cell 1 .
Box 2 | Apoptosis assays
The morphological manifestations of programmed cell death (PCD) in eukaryotes are known as apoptosis and include nuclear and cytoplasmic condensation as well as the fragmentation of the cell into membrane-bound vesicles (which is often referred to as 'blebbing'). One of the most widely recognized diagnostic indicators of apoptosis is the fragmentation of chromosomal DNA, which is mediated by a specific nuclease, caspase-activated deoxyribonuclease (CAD) 70, 71 . This activity causes the classic DNA laddering that is a typical characteristic of apoptotic cells 72 . The TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labelling) assay targets these DNA fragments using a specific enzyme called TdT that catalyses the addition of biotin-labelled dUTPs to the termini of the fragments 73 . Owing to the fact that DNA fragmentation is unique to apoptotic cells, this assay specifically identifies cells that are undergoing apoptosis. Another characteristic of apoptotic cells is the loss of membrane phospholipid asymmetry, which results in the exposure of phosphatidylserine (which is normally oriented facing the cytoplasm) to the outer face of the cytoplasmic membrane 74 , which has an important role in the recognition and removal of apoptotic cells by macrophages 75 . The localization of phosphatidylserine to the outer cell surface provides the basis for the Annexin V stain, which preferentially binds to negatively charged phospholipids such as phosphatidylserine 76 . Finally, a variety of fluorogenic substrates are available for the direct detection of activities that are associated with different caspases induced during apoptosis 16 . These substrates contain amino acid sequences that are specifically recognized and cleaved by different caspases, causing fluorescence as a consequence of the separation of the associated fluorogenic and fluorescence-quenching moieties (that is, fluorescence resonance energy transfer (FRET)). All of these methods enable the identification of apoptotic cells by epifluorescence microscopy or flow cytometry techniques. The results of the E. coli 53 and C. cresentus 54 studies that are described above support this idea, as PCD in these organisms seems to occur only after attempts to repair the damage have failed. On the basis of these findings and the observation that the bacteriostatic effect of the MazEF system is only a temporary metabolic state that is reversible on the addition of nutrients or repair of the cellular damage 23 , it seems reasonable to propose that the activation of the MazEF system might redirect the energy that is normally used for growth to fuel DNA repair mechanisms. In this model, the MazEF system is proposed to delay the induction of the primary PCD pathway. Thus, rather than the apoptosis-like pathway being a back-up system for mazEF-associated functions, as was previously suggested 56 , it is proposed here that the apoptosis-like events that are observed in a mazEF-deletion mutant are actually a manifestation of the primary PCD pathway that is prematurely induced in the absence of MazEF. This model could Figure 2 | A conservation of responses to cellular stress. Cell stress, such as that elicited by DNA-damaging agents, induces a stress response programme that includes DNA-repair mechanisms and cell death pathways. This response includes mechanisms to inhibit cell division, which directs all available resources to repair the damage. If the levels of damage are minimal, the repair mechanisms will be sufficient to restore the cell to working order. Similarly to the role of p53 in assessing the extent of damage in eukaryotic cells and then coordinating an appropriate response, it is thought that the LexA regulator of the SOS response has a role in coordinating the response to DNA damage in bacteria. In both cases, this includes processes that result in the recycling of cytoplasmic components (such as toxin-antitoxin (TA) systems in bacteria and autophagy in eukaryotes) in an attempt to fuel DNA repair. If the damage is irreparable, the repair mechanisms will be overwhelmed and programmed cell death (PCD) ensues. CidA-LrgA-induced cell permeabilization and lysis occurs in bacteria and B cell lymphoma 2 (BCL-2) protein family-induced death (including mitochondrial outer membrane permeabilization (MOMP) and cytochrome c release) is induced in eukaryotes. Alternatively, TA system-induced death (in bacteria) or autophagic death (in eukaryotes) can also be induced. Finally, post-mortem events are activated, such as those that are associated with intrinsic apoptosis and necrosis in eukaryotes, and those that are associated with apoptosis-like processes and autolysis in bacteria.
explain the 'point of no return' that has been observed, in which the action of MazF can no longer be counteracted by MazE 57 . Furthermore, it is consistent with the hypothesis that "MazF is a regulator of cell death rather than the cell executioner" 22 . Interestingly, the response to DNA damage in eukaryotic organisms follows a similar pathway that is coordinated by the multifunctional protein p53 (REF. 58) (FIG. 2) . In the presence of DNA damage, p53 coordinates the induction of cell cycle arrest, DNA repair pathways and cell survival genes. Included in this is the induction of autophagy, in which the damaged cell selectively degrades organelles and proteins that are not required for repair
. Thus, the initial response to stress (such as that induced by DNA damage) in eukaryotes is to reprogramme the cell such that non-essential components are degraded and recycled to redirect energy to fuel the stress response (FIG. 2) . Indeed, as proposed here for the MazEF system, the induction of autophagy has been shown to delay the onset of apoptosis in an attempt to repair the damage 59 . However, in addition to its pro-survival functions, autophagy in eukaryotes is also known for its ability to induce cell death 60, 61 in a distinct process known as autophagic death 13 
Although this 'Janus role' of autophagy (which is named after the Roman god who presided over war and peace) seems to be well established 14 , the observation that the MazEF system has both pro-survival and pro-death functions 22 suggests that this system may also have a Janus role in determining the fate of a bacterial cell, and that it might eventually develop the capacity to directly induce cell death in the absence of apoptotic-like processes owing to the prolonged disruption of the cellular transcriptome (FIG. 2) .
In response to insurmountable damage in eukaryotes, p53 shifts the cellular response programme to one that potentiates apoptosis and is characterized by decreased expression of cell survival genes 62 . As a sequencespecific transcriptional regulator, p53 has the ability to respond to a broad range of signals, including those that are associated with DNA damage, metabolism, fecundity and nutrient deprivation 63 . As with autophagy, this incredibly complex gene network has a decisive role in determining cell fate 64 . Using the eukaryotic system as a model, LexA -the master regulator of recA expression and the SOS response in bacteria -could potentially have a function that is analogous to that of p53 (FIG. 2) . LexA coordinates the transcription of the SOS regulon and manages a scaled response, which results in either repair of the damage (if it is not excessive) or cell death if the damage is extensive and irreparable 54 . In this sense, LexA also seems to have a decisive role in determining cell fate in bacteria, presiding over repair of the damage but inducing cell death as a last resort if the damage is excessive.
As described above, the CidA and LrgA proteins in prokaryotes, and the BCL-2 protein family in eukaryotes, seem to utilize similar holin-like strategies to disrupt the integrity of membranes and cause cell death. Subsequent to cell death, post-mortem events in eukaryotes can take multiple forms (FIG. 2) . As discussed, the induction of MOMP in the intrinsic pathway of apoptosis is followed by the orderly, caspase-dependent disassembly of cells. In the absence of caspase activity, a less orderly process known as programmed necrosis can occur
. Outwardly, programmed necrosis shares features with bacterial autolysis in that both are characterized by the dissolution of outer cell envelopes and the release of cytoplasmic contents into the extracellular environment. Similarly, compelling evidence indicates that bacterial autolysis is also a post-mortem event that is triggered subsequent to loss of viability 29, 30, 65, 66 . Clearly, differences between these processes are due to the nature of the bacterial cell wall (which requires degradation by peptidoglycan hydrolases); however, as we continue to learn more about the control of autolysis in bacteria, it would not be surprising if more overlap of prokaryotic and eukaryotic systems emerges.
Conclusions
The past decade has seen a great deal of progress in our understanding of cell death mechanisms in bacteria. Although it was once thought to be a passive process that occurs as a consequence of a lethal metabolic malfunction -akin to throwing a wrench into a running motor -we now know that bacterial cell death is an active, genetically encoded and highly coordinated process associated with pre-and post-mortem events that are strikingly similar to PCD processes in eukaryotic cells. Indeed, considering the functional conservation of the processes between bacteria and eukaryotes, I propose that bacterial cell death, like many other metabolic processes, shares many similarities with the eukaryotic systems, possibly even providing the evolutionary 'nuts and bolts' of these systems. As a newly recognized process, we are only beginning to understand how bacterial PCD functions; therefore the purpose of the model described here is to integrate the observations that have been made so far into a testable hypothesis that will guide further investigations. Many questions about the regulation and functions of PCD-related proteins in bacteria remain. What is the relationship between TA systems and the Cid-Lrg protein family, and what signals might dictate the decision to repair cellular damage or proceed through the cell death pathway? Do TA systems have a prosurvival function that is comparable to that observed for autophagy in eukaryotic organisms? What is the mechanism that is used by the Cid-Lrg proteins to induce cell death and how is this process regulated? What signals lead to the post-mortem events in dead cells? Finally, how do the developmental processes that are associated with biofilm formation benefit from PCD? Answers to these questions should not only lead to a greater appreciation of developmental processes, physiological responses to antibiotics and novel drug targets in bacteria but should also enhance our understanding of these complex processes in eukaryotes.
